as the cerebral cortex, hippocampus, and cerebellum. its essential role during neuronal migration, the Reelin Reelin, vldlr, apoER2, and dab1 continue to be expathway contributes to the formation of neuronal cirpressed following neuronal migration, although the cuits in the central nervous system.
laminated brain regions, there is no relationship between the final laminar position of a retinal cell and its time of origin. For example, ganglion, horizontal, amacrine, and cone cells arise first, followed by bipolar neurons and Mü ller glia. Rod photoreceptors are produced throughout retinal histogenesis (Young, 1985) .
The retina exhibits a normal cellular organization in reeler mice, although reelin is normally present at high levels in the GCL during embryonic and postnatal development (Schiffmann et al., 1997) . Therefore, the retina provides an ideal model system in which to address additional biological functions of the Reelin pathway. Indeed, we have shown that Dab1 is first detectable in mouse retina after birth and it persists primarily in type AII amacrine cells, which are key interneurons in the scotopic synaptic circuitry (Rice and . The present work examines the stratification patterns of type Figure 2C ), although the bistratification of type AII amaNeurons in the reeler forebrain and cerebellum, which crine cell projections is not yet apparent at this age. normally respond to Reelin, contain 5-to 10-fold more Type AII cells were present at comparable locations in Dab1 than those in normal brain (Rice et al., 1998). Dab1 reeler retina and they extended projections into the IPL. also accumulates in neurons obtained from mice lacking However, this network of type AII amacrine cell proReelin receptors, vldlr and apoer2 (Trommsdorff et al., cesses was not apparent in reeler retinas at P7 ( Figure  1999 ). Recently, we found that Dab1 is expressed in 2D). In control retina, neurites containing Dab1 encounglycinergic, type AII amacrine cells in the mouse retina tered Reelin during the time at which they elaborate (Rice and . These important interneurons projections into the IPL ( Figure 2E ). In the absence of extend processes in two distinct strata of the inner plexiReelin, neurites containing Dab1 extended into the IPL, form layer (IPL), where they integrate into the On and but their distribution was more uniform compared to Off physiological channels (Strettoi et al., 1992) . Several that in control tissue ( Figure 2F ). isoforms of Dab1 were detected in immunoblotting Intense Reelin immunostaining was observed in adult assays using extracts obtained from adult eyes (Figure retinas, including cells in the GCL and INL ( Figure 3A ). 1). Levels of all isoforms of Dab1 were elevated approxiHigh levels of Reelin were detected in the On sublamina mately 5-to 10-fold in reeler eyes compared to those of the IPL, which may represent dendrites of On retinal from normal or heterozygous mice. These results demganglion cells ( Figure 3A ). In the INL, Reelin was deonstrate that the Reelin pathway is active in retina.
electroretinography (ERG). These results suggest that, in addition to its essential role during neuronal migration, the Reelin pathway contributes to the proper patterning of synaptic connectivity. in the developing type AII amacrine cells and their projections in the IPL (arrowheads in Figure 2C). A dense Results network of processes containing Dab1 was located near the border of the IPL and the GCL (double arrows in The Reelin Pathway Is Active in the Eye
tected in a subset of amacrine cells (asterisk in Figure  3A ) and in a subset of bipolar neurons (arrows in Figure  3A ). The dendrites of these bipolar neurons invaded the Reelin and Dab1 Are Expressed in Adjacent Cell Layers in the Retina outer plexiform layer (OPL). Retinas obtained from reeler mice failed to show specific staining with the Reelin Immunohistochemical staining for Reelin and Dab1 was used to compare the distribution of these proteins at antibody ( Figure 3B ). In contrast to Reelin, Dab1 expression in the adult retina was restricted to a single retinal postnatal day 7. High levels of Reelin were detected in projections throughout the IPL (Figure 2A ). Reelin was cell class, type AII amacrine cells ( Figure 3C ). Projections from these cells distributed into the Off and On present in ganglion cells in the ganglion cell layer (GCL) and amacrine cells in the inner nuclear layer (INL). A sublayers in the IPL (arrows in Figure 3C ). In reeler retinas, type AII amacrine cells were located in the approsubpopulation of developing bipolar neurons in the INL also contained Reelin. Reeler mice failed to show spepriate INL region ( Figure 3D ). However, the patterning of type AII amacrine cell projections in the IPL appeared cific staining, but blood vessels were visible with the anti-mouse secondary (asterisks in Figure 2B ). The same less precise in reeler mice compared to that in controls ( Figure 3D ). Dab1 colocalized with Reelin in the On sections were labeled with Dab1 antibodies, which revealed elongated cells that may represent bipolar cells sublamina of the IPL in control mice ( Figure 3E ). In reeler retinas, projections that originate from type AII amacrine ( Figure 2C ). The highest levels of Dab1 were detected Figure 7B ). This result indicates that both Reelin and Dab1 are required for normal synaptic organization in retina. Moreover, the apparent density of synaptic terminals was decreased in mice lacking Reelin or Dab1 compared to controls ( Figure 7C ).
Disruption of Reelin Signaling Results in a Decrease in Rod Bipolar Cells
In mice lacking Reelin or Dab1, the density of rod bipolar implies that the photoreceptor function is relatively inThe larger deficits at the level of the inner retina in reeler were confirmed by the significantly smaller a-to b-wave tact in reeler. In contrast to the a-wave, the b-wave of the bright flash response showed significant amplitude amplitude ratio compared to controls (P Ͻ 0.0001). A similar pattern of results was observed in scrambler reductions (Table 1) ). However, we cannot along the rod neural circuitry, particularly in the inner rule out the alternative explanation that a deficiency in retina. Thus, while rod photoreceptor function was relathe Reelin pathway could lead to a failure to produce the tively normal in reeler mice, rod bipolar cell function was correct number of rod bipolar cells during neurogenesis. significantly reduced, and the output of amacrine cells, This, in turn, may affect the development of type AII as reflected in the oscillatory potentials, was even furamacrine cell dendrites during the first two postnatal ther compromised (see Table 1 ).
weeks of retinal development. Regardless of the underThe anatomical defects in rod bipolar cells and AII lying mechanisms, the subtle alterations in the patamacrine cells in the reeler retina cannot be interpreted terning of processes in the IPL implies that Reelin signalin terms of a simple model. While it is formally possible ing, in combination with other cues such as neural that the alterations in these cell types arise indepenactivity, contributes to the development of synaptic connections that drive visual system function (Wong, 1999) . dently, we favor the more parsimonious explanation in whole inner plexiform layer were taken at a magnification of 12,000ϫ. B6C3H/J-reeler 2J mice were obtained from the Jackson Laboratory Pictures were assembled into montages and the inner plexiform (Bar Harbor, ME). All reeler mice used in this study were genotyped layer (IPL) was divided into five equally thick sublayers, named S1 for the rd allele as described in Pittler et al. (1993) . Reeler mice to S5, proceeding from the inner nuclear layer (INL) to the ganglion that contained either one or both copies of rd were excluded from cell layer (GCL) according to previous work in rabbits ( 
Electroretinography Immunoblot Analysis of Retinas
Electroretinograms (ERGs) were performed on 30 adult mice (2 to Adult eyes were lysed with ice-cold buffer containing 50 mM Tris 5 months of age). Descriptive statistics are provided for 14 control (pH ϭ 7.4), 150 mM NaCl, 5 mM EDTA, 1% Triton-X, 10 g/ml (5 ϩ/ϩ and 9 ϩ/Ϫ ), 11 Ϫ/Ϫ reeler, and 5 scrambler mutant mice. leupeptin, and 10 g/ml aprotinin. Protein levels were measured All statistical comparisons are between control and reeler groups. using a protein assay kit (Bio-Rad, Richmond, CA). Approximately Statistical analysis was performed using the Student's t test. The 100 g of protein per lane was separated by using SDS-PAGE and oscillatory potentials in control and reeler were compared using onetransferred to a nitrocellulose membrane. A polyclonal antisera recway analysis of variance (ANOVA). Following 2 hr of dark-adaptation, ognizing Dab1 (CT38) was used at a dilution of 1:3,000. Polyclonal mice were anesthetized by intraperitoneal injection of 15 g/gm antisera recognizing glutamate decarboxylase-67 (Chemicon) or Ketamine and 7 g/gm xylazine in saline solution. ERGs were reCdk5 were diluted to 1:5,000 and used as controls for protein loadcorded from the corneal surface of one eye after pupil dilation (1% ing. Following extensive washing, membranes were exposed to a atropine sulfate) using a gold loop corneal electrode together with 1:10,000 dilution of donkey anti-rabbit conjugated to horseradish a mouth reference and tail ground electrode. Stimuli were produced peroxidase (Amersham). Enhanced chemiluminescence (Pierce Suwith a Grass Photic Stimulator (PS33 Plus, Grass Instruments, per Signal) was used to detect protein signals.
Quincy, MA) affixed to the outside of a highly reflective Ganzfeld dome. Signals were amplified (10,000ϫ, 1-1,000 Hz; CP511 AC amExpression Studies and Cell Density Estimates plifier, Grass Instruments), digitized (PCI-1200, National InstruAdult mice were deeply anesthetized with Avertin (0.2cc/10 g body ments, Austin, TX), and computer-analyzed using custom software weight) and perfused with 4% paraformaldeyhde in 0.1 M sodium in a personal computer. Responses were computer-averaged with phosphate buffered saline (PBS; pH ϭ 7.2). Eyes were removed and up to 100 records averaged for the weakest signals, and a signal processed either for cryosections or as whole-mount preparations. rejection window was used to eliminate electrical artifacts. Flash For cryosections, eyes were incubated in PBS-sucrose and embedpresentation rate was 1 Hz, except at the highest intensities where ded in tissue freezing medium (Triangle Biomedical Sciences, Durflash frequency was slowed to avoid adaptation effects. Body temham, NC). Sections were cut at a thickness of 12-16 m and perature was monitored with a rectal probe and maintained at a mounted on Fisher Superfrost/Plus slides. Whole-mount retinal constant temperature of 38ЊC. preparations were prepared as described previously (Rice and CurRod-mediated responses were recorded to short wavelength ran, 2000). Primary antibodies were used at the following dilutions (Wratten 47A; max ϭ 470 nm) flashes of light flashes over a 1.0 log in 5% normal goat serum in PBS (Vector): mouse anti-Reelin G10 range of intensities (0.3 log unit steps) up to the maximum allowable at 1:1,000, rabbit polyclonal antibody B3 anti-Dab at 1:1,000, and by the photic stimulator (0.668 cd-s/m 2 ). Mixed rod and cone rerabbit anti-protein kinase C at 1:2,000 (Cambio, UK). For double sponses were obtained with white flashes incremented in 0.3 log staining, primary antibodies were incubated together. Sections were unit steps up to the maximum allowable (8.46 cd-s/m 2 ). Oscillatory incubated with either fluorescein conjugated goat anti-rabbit (Vecpotentials were isolated using the same series of white flashes and tor) or goat anti-mouse Alexa 594 (Molecular Probes, Eugene, OR) a recording frequency range of 100-1000 Hz. Cone responses were diluted at 1:200. Images were acquired using a Leica TCS confocal recorded in response to an intensity series of white flashes (in 0.3 laser scanning microscope equipped with a 40ϫ oil objective. steps) on the rod-saturating background (32 cd/m 2 ). To analyze the Whole-mount retinas immunostained with anti-Dab1 antibodies rod-mediated responses to blue light, the intensity versus amplitude were used to determine the density of type AII amacrine cells in response curves were fitted to the Naka-Rushton function, V/V max ϭ control (n ϭ 4) and reeler (n ϭ 4) mice. A total of 16 sample areas I/(I ϩ k), where V ϭ rod peak-to-peak amplitude, V max ϭ maximum (10,000 m 2 ) per retina was visualized using a 100ϫ oil objective rod amplitude, I ϭ retinal illuminance, and k ϭ retinal illuminance attached to a Leica confocal microscope. Eight sample areas loat half amplitude. The rod ERG threshold (2.0 V criterion) was cated 0.5 mm from the retinal periphery and eight areas located 0.5 derived from the Naka-Rushton parameters, such that log mm from the optic disc were analyzed per retina. Whole-mount threshold ϭ log k ϩ 0.3 Ϫ log(V max Ϫ2). Similarly, the cone ERG retinas immunostained with protein kinase C antibodies were used threshold intensity (2.0 V criterion) was derived from the fit of a to determine rod bipolar cell density in control (n ϭ 5) and reeler linear regression (slope constraint of 1.0) to the intensity-response (n ϭ 6) mice. Mice deficient in Dab1 (n ϭ 4) were compared to their control littermates (n ϭ 3). Due to the poor antibody penetration in series obtained to white light on a rod-saturating background.
